Species in comparative demography studies often have a common phylogenetic or evolutionary ancestry and hence, they cannot fully be treated as independent samples in the statistical analysis. Although the serious implication of ignoring phylogeny has long been recognized, no attempt has been made so far to account for the lack of statistical independence due to phylogeny in multi-species mark-recapture comparative demography studies. In this paper, we propose a Bayesian hierarchical model that explicitly accounts for phylogenetic dependence among species, and to correct for imperfect detection, which is a common phenomenon in free-ranging species. We illustrate the method using individual mark-recapture data collected from 16 seabird species of the order Procellariiformes. Data on body mass and phylogeny of these species are compiled from literature. We investigate the relationship between adult survival and body mass with and without accounting for phylogeny. If we ignore phylogeny, we obtain a positive survival-body mass relationship. However, this relationship is no longer statistically significant once phylogenetic dependence is taken into account, implying that survival may actually depend on an unmeasured variable that is correlated with body mass due to a shared dependence on phylogeny. The proposed model allows the integration of multi-species mark-recapture data and phylogenetic information, and it is therefore a valuable tool in ecological and evolutionary biology.
Introduction
Reliable estimates of demographic parameters are crucial to understand population dynamics of wildlife populations (Lebreton et al., 1992; Williams et al., 2002) . Over the past few decades, important methodological advancements have improved the estimation of demographic parameters from mark-recapture data whilst accounting for imperfect detection. Mark-recapture methods have successfully been used, for instance, to estimate age-specific survival probabilities (Lebreton et al., 1992) , recruitment and dispersal (Pradel, 1996; Lebreton et al., 2003; Péron et al., 2010) , and population abundance (Pollock et al., 1990; Cubaynes et al., 2010) . In addition, these methods are widely used for exploring how demographic parameters are affected by environmental covariates (e.g., Lebreton et al., 1992; Altwegg et al., 2003; Gimenez et al., 2006) . However, these models have all focused on studying the demography of a single population or species.
Traditionally, multi-species demographic studies have been performed in two steps: (1) demographic parameters of each species are estimated independently, and (2) comparisons of the estimates of each species are conducted (Johnston et al., 1997; Peach et al., 2001 ). However, this ad hoc approach is inefficient as it ignores the uncertainty associated with the estimates and also fails to take account of inter-species variation (Papadatou et al., 2012) . More recently, hierarchical (random effects) mark-recapture models have been proposed to account for inter-species variation and to overcome the constraints of this ad hoc approach (Lahoz-Monfort et al., 2011; Papadatou et al., 2012; Péron and Koons, 2012) .
Despite these advances, multi-species comparative demography studies have ignored that some species have a common phylogenetic or evolutionary ancestry (Harvey and Pagel, 1991; Freckleton et al., 2002; Paradis and Claude, 2002; Bried et al., 2003; Freckleton, 2009 ). In the strict sense, this phylogenetic dependence implies that species cannot be treated as independent units, hampering the application of conventional statistical procedures (e.g., generalized linear models) in a general non-mark-recapture context (Freckleton et al., 2002; Paradis and Claude, 2002) . Furthermore, other studies have highlighted that ignoring phylogenetic correlation among species can lead to an overestimation of the precision of parameter estimates and hence flawed inferences (Harvey and Pagel, 1991; Halsey et al., 2006; Ives and Zhu, 2006; Freckleton, 2009) . Some papers have suggested using alternative methods such as generalized least squares (GLS) and generalized estimating equations (GEE) to account for correlations among species due to phylogeny (Garland and Ives, 2000; Paradis and Claude, 2002; Ives and Zhu, 2006) . These methods are applied to study the relationship between dispersal and population synchrony (Paradis and Claude, 2002) , to investigate the relationship between adult life expectancy and body mass (Bried et al., 2003) , and to determine the relationship between home-range area and body mass with simulated data (Ives and Zhu, 2006) . Despite the serious implications of ignoring phylogeny, there appear to be no published works that account for phylogeny in the context of multi-species mark-recapture studies.
The main goal of this paper is therefore to develop a Bayesian hierarchical model for comparative demography analysis, which explicitly integrates phylogeny in the estimation of survival probability whilst accounting for imperfect detection. Here we focus on the estimation of survival but, in principle, our method is valid for other demographic parameters. In addition, our method is quite flexible, and can assess the impact of environmental covariates or allometric relationships on demographic parameters. We illustrate the application of our model using individual mark-recapture data for 16 seabird species in the order Procellariiformes (i.e., albatrosses, petrels and shearwaters). Bried et al. (2003) studied the relationship between adult life expectancy (i.e., derived from the survival estimates) and body mass of Procellariiformes accounting for phylogeny using the GLS method. However, they ignored the uncertainty in the adult life expectancy and treated it as known quantities in the GLS regression analysis. Such a two-step approach of 'doing statistics on statistics' has been repeatedly criticized in the literature (e.g., Link, 1999; Grosbois et al., 2008) . Consequently, we used our new statistical approach that utilizes the mark-recapture data and phylogenetic information simultaneously to examine the relationship between survival and body mass of the order Procellariiformes. We compared the parameter estimates obtained from the models with and without phylogeny. We provide the R and WinBUGS codes for implementing the models in the appendix.
Multi-species mark-recapture model accounting for phylogeny
In this section, we first build the likelihood for mark-recapture data based on the standard Cormack-Jolly-Seber (CJS) model (Lebreton et al., 1992) . Next, we introduce a hierarchical model that takes into account phylogeny in the estimation of survival probability. We then briefly discuss how this model can be implemented within a Bayesian framework.
Likelihood for mark-recapture data
The standard mark-recapture protocol yields capture histories with a sequence of ones (mark or recaptured/resighted) and zeroes (not captured or seen) for individuals in the study population. We assume that such individual mark-recapture histories collected from several related species are available. For each species, we considered the general Cormack-Jolly-Seber (CJS) model that provides estimates of time-varying survival ( t ) and recapture (p t ) probabilities (Lebreton et al., 1992) . For computational purpose, we used minimal sufficient statistics for the CJS model under the form of an m-array (Burnham et al., 1987; Lebreton et al., 1992) . We denote the m-array entries by m i,j , i = 1, 2, . . ., T − 1, j = i + 1, 2, . . ., T + 1 and T is the number of sampling occasions, which may vary from species to species. The m-array, m i,j , represent the number of individuals released at occasion i and recaptured for the first time at occasion j for j ≤ T, and m i,T+1 denotes the number of individuals never recaptured following release at occasion i. The CJS model likelihood is then constructed for each species based on a product of multinomial distributions assuming each row of the m-array is independent and for which the cell probabilities are functions of both survival and recapture probabilities (Lebreton et al., 1992) .
Incorporating phylogeny
To account for phylogenetic dependence among species, we proposed the following hierarchical model with a logit link function for the survival probability.
where t,s is the survival probability of species s between years t − 1 and t, is the overall mean survival probability, ε t,s is a normally distributed random term with species-specific temporal variance ( 2 s ), and Á s is a random term that depends on the species and is distributed as a multivariate normal with variance-covariance matrix ı 2 . Here is derived from the phylogenetic tree and treated as fixed known quantity in our model (Ives and Zhu, 2006; Revell, 2010; Blomberg et al., 2012; Hansen and Bartoszek, 2012) . By scaling to a height of one, we can interpret ı 2 as the residual variance (de Villemereuil et al., 2012) . We used hypothetical data to illustrate the computation of ( Fig. 1) . The off-diagonal values in (i.e., covariance) always increase as the phylogenetic distance decreases (Freckleton et al., 2002) . That is, the greater the shared history between the species, the higher the values in . As shown in Fig. 1 , the main diagonal (i.e., the variance) in is computed as the distance from the root to the tip (e.g., S 11 = 6 (4 + 2), S 55 = 6(2 + 3 + 1)) and the off-diagonal elements (i.e., the covariance) are the total shared path lengths between each pair of species (e.g., S 12 = 4, S 35 = 5 = (2 + 3), S 15 = 0 (share no path lengths)). By setting to an identity matrix (i.e. ones on the diagonal and zeroes elsewhere), the effect is reduced to a species random effect that assumes no phylogenetic dependence among species (e.g., Papadatou et al., 2012) . Note that Pagel's can be incorporated into to measure the strength of phylogenetic signal (e.g., Revell, 2010; de Villemereuil et al., 2012) .
Our model can also be easily extended to assess the relationship between survival and covariates (e.g., body mass). This is of particular interest when one is investigating allometric relationships (e.g., Bried et al., 2003) . Thus, we can modify Eq. (1) as
where s is the mean survival of species s, X s is the covariate related to species s, and ˇ0 and ˇ1 are the regression coefficients. This model assumes that only a portion of the inter-species variation in survival is explained by the covariate and the error terms (Á s ) are correlated as described in Eq. (1).
Model implementation
Fitting hierarchical models is fairly straightforward in a Bayesian framework (Link and Barker, 2004; Millar, 2009) . We therefore adopt a Bayesian inference using the Markov Chain Monte Carlo (MCMC) algorithm to obtain marginal posterior estimates of the parameters in the model. Bayesian inference involves specification of priors and we used vague prior distributions (see below in the application section) that reflect our little knowledge about the parameters. We assessed convergence of the MCMC output using the standard Brooks-Gelman-Rubin statistic (Brooks and Gelman, 1998) and inspecting the diagnostic plots (e.g., trace, autocorrelation, and posterior density plots). We used the software WinBUGS (Spiegelhalter et al., 2003) calling it from program R with the package R2WinBUGS (Sturtz et al., 2005) to implement the models with and without phylogeny. The R and WinBUGS code used for fitting the models are provided in Appendix C.
Application to Procellariiformes data
We used long-term mark-recapture data of 16 seabird species from the order Procellariiformes (see Table A1 , Appendix A) to illustrate the method. The duration of the mark-recapture studies were not the same for all species and varied between 9 and 41 years. We considered adult individuals only, hence focusing on adult survival, which is the parameter to which the population growth rate of longlived species is most sensitive. We used published information on body mass and phylogenetic data for these species (Bried et al., 2003; Monteiro et al., 1996) , and more details are available in Table  A1 , Appendix A and in Bried et al. (2003) . Procellariiformes are longlived birds and show the highest inter-specific body mass variation in any avian taxonomic order (from 19 g in the Least Storm-petrel Halocyptena microsoma to almost 10 kg in the Wandering Albatross Diomedea exulans) and share similar traits through common ancestry (Figs. A1 and A2, Appendix A). It is generally believed that survival depends on body mass with larger species having higher survival rates (Warham, 1990; Covas et al., 2002; Bried et al., 2003) . In this study, we used our method to examine the allometry of adult survival (i.e. variation in adult survival with body mass) within the order Procellariiformes and, specifically, to compare the effect of (1) ignoring the phylogenetic information, and (2) incorporating this information in the model.
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.ecolmodel. 2013.11.017.
Goodness-of-fit (GOF) and model selection
Before fitting a multi-species hierarchical model that accounts for phylogeny, we performed preliminary analyses for each species. We first assessed the fit of the CJS model for each species independently (Pradel et al., 2005) using program U-CARE (Choquet et al., 2009) . The overall GOF test of the CJS model for all species except Pterodroma lessonii was significant (P-value < 0.005). Further, either or both components Test 2 and Test 3 were significant at the 5% level for the 15 species, suggesting a lack of fit of the CJS model due to transience (an excess of individuals that are marked and never seen again) and/or trap-dependence (lack of independence between successive capture events). The results of the goodness-of-fit tests are provided in Appendix B. We used an ad hoc approach and discarded up to four capture occasions, depending on the species, to effectively remove the transience effect. We accounted for the trap dependence effect detected for the 14 species using two distinct recapture probabilities depending on whether a capture occurred or not the occasion before (Pradel, 1993) . Once these effects were accounted for, no further lack of fit was detected.
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.ecolmodel. 2013.11.017. We then conducted model selection considering different structures (e.g., time dependent, constant) for survival and recapture probabilities and the best model structure for each species was selected using the AIC criterion (Burnham and Anderson, 2002) . For most of the species, the top-ranked model (i.e. the model with lowest AIC value) contained constant or time dependent survival and trap dependence effect in recapture probabilities. The summary of model selection results are provided in Appendix B. Preliminary analyses for each species were performed using program MARK (White and Burnham, 1999) calling it from R (R Development Core Team, 2012) with the RMark package (Laake, 2012) . Next, we used each species-specific model structure selected previously and we treated time as random if the best model for a species was the one with time-dependent survival. We then performed the full analysis of multi-species hierarchical models using the software WinBUGS calling it from program R with the package R2WinBUGS (see Appendix C for code). Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.ecolmodel. 2013.11.017.
Multi-species models for the Procellariiformes
We fitted two different models for long-term data of the Procellariiformes. The first model assumes that only part of the inter-species variation is explained by body mass and there is a phylogenetic dependence among the species. This model is similar to Eq. (2) above where X is replaced by body mass. To derive from the phylogenetic tree, we used the built-in function vcv.phylo from the ape package (Paradis et al., 2004) in program R and the output is displayed in Fig. A2 , Appendix A. Our second model assumes that no phylogenetic dependence among the species and thus is replaced by the identity matrix. We used normal prior distributions with mean 0 and variance 100 for ␤ 0 and ˇ1, uniform prior distributions between 0 and 5 for ı and s (see Eqs. (1) and (2)).
We ran two parallel chains of length 1,000,000 with a burn-in of 500,000 and thinned by taking every 100th value. The standard Brooks-Gelman-Rubin statistic (Brooks and Gelman, 1998) values were below 1.02 for all parameters and visual inspection of the diagnostic plots (e.g., trace, autocorrelation, and posterior density plots) showed no evidence of lack of convergence of the MCMC outputs. Note that we used the log transformed body mass to improve convergence. We then computed the posterior summary statistics based on the MCMC simulated values to make inference about the regression parameters with and without phylogeny. We used the deviance information criterion (DIC; Spiegelhalter et al., 2002) as a preliminary tool for comparing the two models. We noted that the use of DIC for comparing hierarchical models is controversial (e.g., Millar, 2009 ). Table 1 shows the regression coefficients estimates obtained from the model with and without phylogeny. The two models led to different conclusions about the relationship between survival and body mass. The model that accounted for phylogenetic information provided a wider 95% posterior confidence interval for the slope and overlapped with zero, suggesting no statistically significant biological signal (i.e., survival-body mass relationship), whereas there Fig. 2 . Estimated relationship between mean survival of seabird species and body mass (on log scale) obtained from the models with phylogeny (solid line) and without phylogeny (dashed lines). Points are the mean survival estimates obtained from species-specific independent analyses. Note that different points (square, circle, and triangle) are used to highlight phylogenetic closeness (see Fig. A1 , Appendix A).
Results
was a significant positive effect of body mass on survival when phylogeny was ignored (Table 1 and Fig. 2 ). The model with phylogeny (DIC = 29,467) had also a lower DIC value than the one without phylogeny (DIC = 29,484), and hence it was better supported by the data. Fig. 3 shows the posterior mean survival probabilities with 95% credible intervals of the 16 species, which were derived from models where survival is a function of body mass. Models that ignored and accounted for phylogeny both yielded high estimates of survival probability, which are in agreement with the estimates reported by Bried et al. (2003) . However, accounting for phylogeny provided less precise survival estimates compared to the model that ignored it (Fig. 3) . For those species we considered time-dependent survival, the standard deviations (i.e., on the logit scale) of the time random effect were ranging from 0.30 to 1.20. The estimated residual standard deviations from the model with and without phylogeny were 1.29 (sd = 0.32) and 0.61 (sd = 0.14), respectively.
Discussion
We present a hierarchical model for comparative demography analysis of free-ranging species using individual mark-recapture data. Our model is a generalization of the multilevel model of Papadatou et al. (2012) as it explicitly accounts for the dependence among species due to phylogeny. Using this framework the strength of dependence among species (i.e., derived from common ancestry) is translated into the variance-covariance matrix and incorporated as fixed known quantity in the model.
In the case study using the Procellariiformes data, the model that accounted for phylogeny yielded less precise (i.e., larger standard deviation) estimate of the body mass effect on survival in comparison to the model without phylogeny, which in turn led to slightly less precise estimates of the mean adult survival probabilities for each species. Interestingly, these two models have exactly the same number of parameters as the variance-covariance matrix ( ) is known from the phylogenetic tree. However, the model without phylogeny assumes independence among species (i.e., more data points), resulting in an overly optimistic precision of the estimates of the regression coefficients and indicated a statistically significant relationship between survival and body mass. In our data set, the assumption of independence is clearly invalid as larger species tended to be closely related with each other and phylogenetically distinct from the smaller species (see Appendix A). In other words, some of the observations in the data are related to each other due to phylogeny and ignoring this correlation structure may, potentially, lead to invalid inferences.
Our findings are in line with previous studies that used the Generalized Least Squares (GLS) method to account for phylogeny. For instance, Bried et al. (2003) found no significant relationship between adult life expectancy and body mass of Procellariiformes. Ives and Zhu (2006) analyzed simulated data of home-range area and body mass and found no significant relationship after accounting for phylogeny. Therefore, our findings as well as previous studies clearly showed that ignoring dependence of species due to phylogeny may lead to spurious conclusions due to high Type I error rate. Now, we are not suggesting that there is really no relationship between body mass and survival in Procellariiformes. Firstly, there are mechanistic biological arguments suggesting that small species suffer from increased predation compared to large species (e.g., Mougeot and Bretagnolle, 2000; Keitt et al., 2004; Oro et al., 2005; Bonnaud et al., 2009 for predation on small to medium sized Procellariiformes; studies documenting predation on adult of large-sized species proved much harder to find). Secondly, the survival-body mass relationships in birds is supported by several other studies (e.g., Gaillard et al., 1989; Saether, 1989) . We have thus no doubt that Procellariiformes follow this general pattern and that larger species have higher adult survival. We want to stress, however, that this pattern in Procellariiformes is supported by essentially three "data points": the small-sized clade of low survival, the mediumsized clade of intermediate survival and the large-sized clade of high survival. Without support of external information, it would be impossible to conclude on the reality of the survival-body mass relationship in Procellariiformes. Our result could also imply that survival may actually depend on other behavioral, morphological and ecological species attributes that are correlated with body mass due to a shared dependence on phylogeny, and thus the direct effect of body mass was weak.
Although we showed how to directly incorporate phylogenetic information in comparative demography studies, we here highlighted the alternative views that accounting for phylogeny may not always be needed (Westoby et al., 1998) . In the case of cross-species correlations where the interest is in the relationship between traits in the existing pool of species, treating each species as an independent sample (e.g., ignoring phylogeny) may be reasonable (Westoby et al., 1998) . However, if the interest is in the evolution of these traits and then closely related species represent non-independent samples, then our method is valuable in properly accounting this lack of independence in the analysis.
In this article, we focused on adult survival, but our model can be applied to study the allometry of other parameters such as age dependence of survival and fecundity with appropriate link functions. The linearity assumption between survival (on the logit scale) and body mass can also be relaxed using semi-parametric or non-parametric models (Gimenez et al., 2006) whilst accounting for phylogeny. Here we paid little attention to the impact of different degrees of phylogenetic signal on biological inferences. This could be further evaluated using simulations. In this article, we also assumed that the phylogeny tree is known without error. However, some studies have shown that misspecification of the variance-covariance matrix ( ) can be problematic for comparative studies . Therefore, a logical development of this approach would be to evaluate the robustness of our analyses considering alternative phylogenies, and to extend the model to take account of phylogenetic uncertainty. In conclusion, our new statistical method integrates multi-species mark-recapture and phylogenetic data in a unified framework and hence, it is a valuable tool for comparative demography analysis in the field of ecology and evolutionary biology. support of the Swiss National Science Foundation (PBBEP3 133501 to FA). We thank all the people involved in the collection of the data.
